A mode-evolution-based polarization splitter suitable for high-index-contrast systems and directly integratable with a recently reported on-polarization rotator is described and its performance verified through both finite-difference time-domain and eigenmode expansion simulations. For a device length of 200 m, greater than 22 dB of extinction is obtained across a 1.45-1.75-m bandwidth.
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Such an approach requires the arbitrary polarization emanating from the fiber to be split into orthogonal components. By further rotating one of the outputs, one may achieve a single on-chip polarization, and the two paths may be operated on in parallel with identical structures. An integrated approach allows for the devices to be batch fabricated and the path lengths of the two arms to be matched through lithography.
Integrated polarization splitters come in two forms: 1, mode-coupling 3 and 2, mode-evolutionbased devices. [4] [5] [6] [7] [8] [9] Mode-coupling-based devices require phase-matched modes with precisely tuned coupling and are therefore inherently fabrication sensitive and wavelength dependent. Modeevolution-based devices require only that mode coupling be suppressed, a looser requirement that permits more-relaxed tolerances and greater device bandwidths. Although many integrated optic polarization splitters have been proposed, with the exception of a device that was presented recently 9 they were not designed for the HIC systems in which they are most needed, nor have they been designed to interface with an integrated polarization rotator. Here we present an integrated polarization splitter designed for a HIC system that mates to a recently reported polarization rotator. 10 The basic structure is depicted in Fig. 1 . The input waveguide is a rectangular dielectric of horizontal orientation with width w 2 and height h. A vertically oriented guide of height 2h is formed at a separation s 1 from the horizontal guide, transitioned to a width w 1 , and subsequently separated to a distance s 2 . The initial separation s 1 avoids a point of intersection, which when fabricated would likely be nonadiabatic. The boundary condition imposed by Gauss's law causes modal confinement to be maximized for a polarization aligned along the geometric axis of the guide. A proper choice of h, w 1 , and w 2 will ensure that the fundamental TE (i.e., TE 11 ) mode of the combined structure remains in the horizontally oriented guide while the fundamental TM (i.e., TM 11 ) mode transitions from the horizontally oriented guide to the vertically oriented guide. Although mode separation may be ensured, whether the power remains in the initially excited modes is a function of the degree of mode coupling induced by the evolving structure.
The coupling is described by coupled-local-mode theory. 11 Under weak coupling, coupling coefficient ͑z͒, where e k ͑x , y , z͒ represents the normalized local vector electric field of mode k, may be replaced by its average, = ͑1/z͒͐ 0 z ͑zЈ͒dzЈ, and the power lost to a mode m is then determined to be
where ␦␤ is the average difference in the rates of propagation between the modes. The larger the ratio of ␦␤ to , the less power lost to a given mode. In HIC waveguides, unguided modes propagate at much higher rates than guided modes. Thus the two mode sets couple only through abrupt transitions. Coupling among guided modes is of greater concern because these modes propagate at similar rates. However, for strong coupling the modes must be similarly polarized. Although the input guide may be designed to propagate only the TE 11 As an example, we chose guides with core indices of 2.2, cladding indices of 1.445, h = 0.4 m, w 1 = 0.35 m, and w 2 = 0.8 m. The guides are rotated versions of one another, with a slight difference in the smaller dimension to break the degeneracy of the TE and TM modes. A chosen initial separation of s 1 = 0.25 m is large enough for fabrication but small enough for a large ␦␤ to be maintained between the TM modes. The modes at three cross sections of the example structure were calculated with a finitedifference mode solver for a wavelength of 1.55 m. Figures 2 and 3 show the major field components of the TE and TM modes, respectively, and their effective indices n eff = ␤ /2 at various points along the transition. Figure 2 reveals that the TE 11 mode remains in the horizontally oriented waveguide largely unaffected by the perturbation, whereas a TE 21 mode develops in the vertically oriented guide. As only the TE 11 and TM 11 modes are initially excited, the fractional power in the TE 21 and TM 21 modes is determined by the power exchange induced by the transition. The TE modes exhibit little overlap in the region of perturbation and vastly different effective indices at all points along the transition. Thus, little power exchange is expected between the TE modes. However, from Figs. 3(a) and 3(b) we can see that the TM modes exchange guides. The transition, although it is necessary, causes the TM modes to exhibit much greater overlap through the perturbation than their TE counterparts. Because the TM effective indices are also more similar, a power exchange among the TM modes is expected to limit the device's performance. Still, from Figs. 2(c) and 3(c) it is clear that, at a separation of s 2 =1 m, the TE 11 and TM 11 modes propagate in separate guides. The modes have been isolated, and the waveguides may be rapidly separated.
To verify the approach, three-dimensional finitedifference-time-domain 12 (FDTD) and eigenmodeexpansion 13 (EME) simulations were performed. We obtained FDTD results by separately launching TE and TM input modes and monitoring the power in the TE and TM output modes. The primary guides were aligned to a uniform 25-nm FDTD grid to minimize spurious loss. The modal power was determined from the orthogonality relation for power normalized modes (i.e., ␦ mn = ͐ e m ϫ h n · ẑ dA). EME results were obtained from the four guided modes. FDTD and EME results as functions of device length L at a wavelength of 1.55 m are presented in Fig. 4(a) . The lateral grid element for the 200-m TM FDTD simulation was reduced to 12.5 nm to minimize gridinduced loss, yet Fig. 4(a) indicates that some spurious loss remains. Otherwise, the simulations are in agreement, confirming the intuition that coupling among guided TM modes limits performance. Slower transitions induce less coupling, allowing the modes a chance to dephase before they exchange substantial power. For lengths L Ͼ 200 m or angle ␣ Ͻ 0.0055, the polarization splitting is nearly perfect. Spectral information obtained from a discrete Fourier transform in a FDTD simulation of a 200-m-long device is presented in Fig. 4(b) . More than 22 dB of extinction can be observed over the entire 1.45-1.75-m regime.
It is important to note that features below 100 nm may not be obtained in fabrication. However, FDTD simulations indicate that a 100-nm blunt vertical guide tip induces only −38-dB TE 11 → TE 21 and −25 -dB TM 11 → TM 21 cross talk along with −33-dB and −25-dB loss for the TE and TM cases, respectively, none of which significantly affects performance for device lengths L ഛ 200 m.
In summary, we have designed an integrated mode-evolution-based polarization splitter for a HIC system that mates to an existing polarization rotator to permit single on-chip polarization. The structure can be fabricated in only two lithographic steps, and a reasonable separation can be maintained between the TE and TM output guides at all points along the structure. FDTD and EME results confirm that nearperfect polarization splitting is achieved for device lengths greater than 200 m. 
